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ABSTRACT 
The IBS block-work building system is the invention of a Universiti 
Teknologi Malaysia researcher. The system is targeted towards resisting earthquakes 
of up to 10 points on the Richter scale. During a recent tsunami after earthquakes, 
many reinforced concrete buildings that were engineered to resist earthquakes 
damaged due to the unexpected magnitude of the tsunami’s forces. Currently, there is 
significant disagreement on existing empirical formulae for the calculation of 
tsunami-induced force components. In this research, a 1:5 scale IBS model was 
developed, according to the Buckingham Pi Theorem and Similitude Theory. The 
behaviour of the 1:5 scale IBS model, when subjected to tsunami bore of ranges from 
0.3 m to 1.2 m bore height and debris impact, was investigated experimentally and 
through dynamic nonlinear finite element analysis. The tsunami bore was simulated 
in a laboratory by performing a dam break test. Interactions between simulated 
tsunami bores and the IBS model were investigated experimentally by measuring 
bore-depth variations, bore velocity, force exerted on the structural models and 
variations of pressure on the upstream-face of the structure. The structure was 
assessed based on different performance levels of Operational, Immediate 
Occupancy, Life Safety and Collapse Prevention, according to FEMA 356. An 
increase in the impounding water depth led to an increase in the maximum 
inundation depth downstream at the location of the IBS model, and a proportional 
increase in the bore front velocity. The hydrostatic pressure distribution of bore 
impact on the structure was observed throughout the fluid-structure interaction. The 
impulsive and hydrodynamic forces, obtained from the experimental data, were in 
agreement with the Japan Cabinet Office guideline (2005) (SMBRT) and the Coastal 
Construction Manual (FEMA P-55), respectively. From the experimental and 
numerical study, the IBS structure showed an Operational Performance during 
tsunami bore, ranging from 0.3 m to 0.6 m height. The scaled structure had an 
Immediate Occupancy performance level up to 0.9m water bore height. The Life 
Safety performance level for the IBS structure was 1.2m tsunami bore height 
(equivalent to 6 metres in the real world). During the debris impact, the IBS column 
performed very well when impacted by a family car size and wooden log debris. 
Therefore, the obtained results indicate that this type of IBS model is safe to resist 
the tsunami.  
. 
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ABSTRAK 
Model IBS kerja-blok adalah ciptaan penyelidik Universiti Teknologi 
Malaysia. Sistem ini disasarkan untuk merintang gempa bumi sehingga 10 skala 
Richter. Semasa tsunami baru-baru ini, banyak bangunan konkrit bertetulang yang 
direkabentuk untuk menahan gempa bumi telah rosak kerana magnitud daya tsunami 
yang tidak dijangka. Pada waktu ini juga, terdapat perbezaan pendapat mengenai 
formula empirik untuk pengiraan komponen-komponen daya yang disebabkan oleh 
tsunami. Dalam kajian ini, satu sistem  IBS berskala 1:5 telah dibina mengikut Teori 
Buckingham, Pi dan Teori Kesamaan. Kelakunan model sistem IBS berskala 1:5 
yang dikenakan tsunami dengan julat ketinggian air antara 0.3 m hingga 1.2 m, dan 
kesan puing banjir telah diselidik secara eksperimen dan  analisis dinamik unsur 
terhingga tak linear. Ketinggian tsunami disimulasi dalam makmal dengan 
melakukan ujian pecah-empangan. Interaksi antara ketinggian tsunami dan model 
sistem IBS di ukur melalui ukuran variasi kedalaman air, halaju air, daya yang 
bertindak  ke struktur sistem IBS dan variasi tekanan pada permukaan binaan. 
Prestasi struktur kemudiannya dinilaikan berdasarkan FEMA 356 pada tahap 
Operasi, Penghunian Segera, Keselamatan Hayat dan Pencegahan Runtuhan. 
Peningkatan kedalaman air yang terbendung membawa kepada peningkatan 
kedalaman banjir di model sistem IBS, dan berkadar terus dengan peningkatan halaju 
air. Taburan tekanan hidrostatik ke atas struktur berlaku sepanjang tempuh interaksi 
antara struktur-cecair. Kuasa-kuasa impulsif dan hidrodinamik yang diperolehi dari 
data eksperimen adalah bertepatan dengan garis panduan Pejabat Kabinet Jepun, 
2005 (SMBRT) dan Manual Pembinaan Persisir Pantai (FEMA P-55). Hasil kajian 
makmal dan berangka, menunjukkan struktur sistem IBS adalah pada tahap Prestasi 
Beroperasi sewaktu ketinggian tsunami dalam julat 0.3 m sehingga 0.6 m. Struktur 
tersebut berada pada tahap prestasi Penghunian Segera pada ketinggian air 0.9 m. 
Tahap prestasi Keselamatan Hayat untuk struktur IBS adalah ketinggian tsunami 1.2 
m (bersamaan dengan 6 meter dalam keadaan nyata). Semasa ujian banjir dan puing, 
tiang sistem IBS memberi prestasi yang sangat baik ketika dihentam oleh sebuah 
kereta saiz keluarga dan serpihan kayu balak. Oleh itu, keputusan yang diperolehi 
menunjukkan bahawa model IBS ini adalah selamat dan dapat menahan tsunami. 
 vii 
TABLE OF CONTENTS 
CHAPTER                                   TITLE                      PAGE 
 
DECLARATION ii 
DEDICATION iii 
ACKNOWLEDGEMENT iv 
ABSTRACT v 
ABSTRAK vi 
TABLE OF CONTENTS vii 
LIST OF TABLES xiv 
LIST OF FIGURES xv 
LIST OF ABBREVIATIONS xxv 
LIST OF SYMBOLS xxvi 
LIST OF APPENDIX xxviii 
1 INTRODUCTION 1 
1.1 Introduction 1 
1.2 Importance of Study 3 
1.3 Problem Statements 4 
1.4 Aim and Objectives of Study 4 
1.5 Scope and Limitation of Study 5 
1.6 Significant of Research 5 
1.7 Thesis Organization 6 
2 LITERATURE REVIEW 9 
2.1 Introduction 9 
2.2 Behaviours and Characteristics of Tsunami 9 
2.3 Dam Break Wave 11 
2.3.1 Analytical Solutions for Dam Break Wave 12 
 viii 
2.3.2 Experimental Study of Dam Break 15 
2.4 Hydraulic Bore of Tsunami 17 
2.5 Tsunami Bores; Analogy with Dam-Break Flow 18 
2.6 Tsunami-Induced Force 20 
2.7 Debris Impact Force 33 
2.8 Behavior of Structure due to Tsunami Forces 44 
2.9 Response of Structure to Tsunami Forces with Experimental 
and Numerical Method 52 
2.10 Tsunami Design Code Review 67 
2.10.1 Design and Construction Standard for Residential 
Construction in Tsunami- Prone   Areas in Hawaii 
(Dames and Moore, 1980) 67 
2.10.2 Development of structural Standards in Flood and 
Tsunami Areas for the Island of Hawaii (Bretschider, 
1974) 68 
2.10.3 City and County of Honolulu Building Code (CCH, 
2000) 68 
2.10.4 1997 Uniform Building Code (UBC, 1997) 68 
2.10.5 2003 International Building Code (IBC, 2003) 68 
2.10.6 SEI/ASCE 7-02 (ASCE 7, 2010) 69 
2.10.7 ASCE 24-98 (ASCE 24, 1998) 69 
2.10.8 Structural Design Method of Buildings for Tsunami 
Resistance (SMBTR) 69 
2.10.9 Federal Emergency Management Agency Coastal 
Construction Manual (FEMA, 2000) 70 
2.10.10 Federal Emergency Management Agency 
Coastal Construction Manual (FEMA 55) 70 
2.10.11 Federal Emergency Management Agency 
Coastal Construction Manual (FEMA P646, 2008) 
and (FEMA P646, 2012) 71 
2.11 Industrialized Building System 71 
2.11.1 Conventional Building System versus Industrialized 
Building System 72 
2.11.2 Concrete Block Work System 73 
 ix 
2.12 Summary 74 
3 METHODOLOGY 76 
3.1 Introduction 76 
3.2 Tsunami Induced Bores and Analogy with Dam-Break Flow 76 
3.3 Physical Modeling 77 
3.3.1 Dimensional Analysis 78 
3.3.2 Theory of Similarity 79 
3.3.3 Determination of π Values for the Research 80 
3.4 Facilities of Dam Break Test 82 
3.5 Instrumentation for Data Acquisition 86 
3.5.1 Load Cells 87 
3.5.2 Pressure Cell Gauge 87 
3.5.3 Accelerometer 88 
3.5.4 High Speed Camera 89 
3.5.5 Water Level Data Logger 89 
3.5.6 Linear Variable Differential Transducer (LVDT) 90 
3.5.7 Data Logger System 90 
3.6 Experimental Test Program 90 
3.6.1 Experiment 1: Experimental set up for dam break test 
without structure 91 
3.6.2 Experiment 2. Experimental set up for bore impact on 
brick structure 91 
3.6.3 Experiment 3: Experimental set up for bore impact on 
IBS model 93 
3.6.4 Experiment 4: Debris impact on IBS model 93 
3.7 Description of IBS Models 95 
3.7.1 Column Assembly 97 
3.7.2 Beam Component 99 
3.7.3 Slab Component 100 
3.7.4 Wall Component 100 
3.8 Reinforcement Details 101 
3.8.1 Column Block Reinforcement 101 
3.8.2 Beam Reinforcement 102 
 x 
3.8.3 Slab Reinforcement 103 
3.9 Molding the Models 105 
3.10 Design Mixes for Model Concrete 108 
3.10.1 Choice of Model Material Scale 108 
3.10.2 Concrete Mixed Used to Create Models 109 
3.11 Numerical Modeling Program 110 
3.11.1 Execution of FE Explicit Dynamic Analysis 110 
3.11.1.1 Module 1: Making Parts 111 
3.11.1.2 Module 2: Material Properties 115 
3.11.1.3 Module 3: Assemblies 117 
3.11.1.4 Module 4: Steps 118 
3.11.1.5 Module 5: Interaction 119 
3.11.1.6 Module 6: Load and Boundary Conditions 120 
3.11.1.7 Modules 7: Mesh 121 
3.11.1.8 Modules 8: Job 122 
4 LABORATORY PHYSICAL MODEL AND TEST 
DEVELOPMENT 123 
4.1 Introduction 123 
4.2 Concrete Material Characteristics 123 
4.2.1 Concrete Compressive Strength Test 124 
4.2.2 Elastic Modulus of Concrete 125 
4.3 Reinforcing Bar Characteristics Strength 126 
4.4 Casting the IBS Model 128 
4.4.1 Molding of IBS Model 129 
4.4.2 Casting Procedure 130 
4.5 Assembly of IBS Block to become a Structural System 133 
4.6 Experimental Test in Hydroulic Laberatory 136 
4.6.1 Test Series 1: Water bore development test 138 
4.6.2 Test Series 2: Structure positioning test 139 
4.6.3 Test Series 3: IBS model performance test 141 
4.6.4 Test Series 4: IBS model performance with debris 
load 142 
 xi 
5 RESULTS AND DISCUSSION OF EXPERIMENTAL  
WORK                                                                                                 144 
5.1 Introduction 144 
5.2 Test Series 1: Water bore development test (Flow Analysis) 145 
5.2.1 Bore Velocities 145 
5.2.2 Bore Profile 149 
5.3 Test Series 2: Structure position test 150 
5.3.1 Bore Depth-Time History 150 
5.3.2 Brick Structure Model Response to Hydraulic Bore 152 
5.4 Test Series 3: IBS structure performance test 153 
5.4.1 Bore Induced Pressures on IBS Model 154 
5.4.2 Loading History of Tsunami Load 158 
5.4.3 Vertical Pressure Distribution 159 
5.4.3.1 Bore Pressure Distribution Analysis and 
Approximate Equation for Pressure 
Distribution 163 
5.4.4 Tsunami Force Estimation on IBS Model and 
Comparison with Design Guidelines 168 
5.4.4.1 FEMA 55 (2011) 168 
5.4.4.2 FEMA P646 (2012) 169 
5.4.4.3 SMBRT 170 
5.4.4.4 Estimated Tsunami Force 171 
5.4.5 Dynamic Properties of Two Storey IBS Model 175 
5.4.6 Response of IBS Structure Subjected to Bore Impact 178 
5.4.7 Acceleration of IBS Model due to Bore Impact 180 
5.5 Test Series 4: IBS model performance with debris load 181 
5.5.1 Debris Impact Load 182 
5.5.2 Behavior of IBS Model due to Debris Impact 186 
5.6 Summary 188 
6 NONLINEAR FINITE ELEMENT ANALYSIS OF IBS   
MODEL                                                                                                190 
 xii 
6.1 Introduction 190 
6.2 Types of Analysis 190 
6.2.1 Modal Analysis 191 
6.2.2 Dynamic Explicit Analysis 191 
6.3 Result of the Modal Analysis and Comparison with 
Experimental Result 191 
6.3.1 Structural Natural Periods and Frequencies 191 
6.3.2 Mode of Shapes 192 
6.4 Nonlinear Explicit Dynamic Analysis of IBS Model due to 
Tsunami Loads 195 
6.4.1 Scaled IBS Structural System Behavior due to 
Tsunami Bore Impact of 0.3 m, 0.5 m, 0.6 m bore 
heights 196 
6.4.1.1 Simulated Tsunami Loads of 0.3 m, 0.5 m and 
0.6 m bore heights 196 
6.4.1.2 Time History Displacement of NLFEA of IBS 
Structure in Comparison with Experimental 
Results 200 
6.4.1.3 Deformation Pattern of IBS Model due to 
Tsunami Loads (0.3m. 0.5m, 0.6m bore 
heights) 202 
6.4.1.4 Damages of IBS Model due to Tsunami Loads 
of 0.3 m, 0.5 m and 0.6 m bore heights 204 
6.4.2 Evaluation of IBS model for Bigger Tsunami Loading 
(0.7 m, 0.8 m, 0.9 m, 1 m and 1.2 m bore heights) 208 
6.4.2.1 Simulated Tsunami Loads of 0.7 m, 0.8 m, 0.9 
m, 1m and 1.2 m bore heights 208 
6.4.2.2 Deformation of IBS Structural System due to 
Tsunami Loads (0.7 m. 0.8 m, 0.9 m,   1 m 
and 1.2 m bore heights) 209 
6.4.2.3 Damage of IBS Structure System due to 
Tsunami Bore (0.7m. 0.8m, 0.9m, 1m and 
1.2m heights) 214 
 xiii 
6.5 Correlation between Tsunami Bore Height and Level of 
Damage 225 
6.6 The Impact Analysis of IBS model under the Influence of 
Tsunami Generated Debris 227 
6.6.1 Simulation of Debris Impact Force in ABAQUS 
Software 227 
6.6.2 Behavior of IBS Component Due to Debris Impact 229 
6.7 Summary 234 
7 CONCLUSION AND RECOMMENDATIONS 235 
7.1 Conclusions 235 
7.2 Recommendations for future study 238 
REFERENCES 240 
Appendices A-J                                                                                                254-293 
xiv 
 
LIST OF TABLES 
TABLE NO.                                         TITLE                                                 PAGE 
2.1 Normalized pressure (P𝑖/ρgh) at position PF0, PF1 and PF2-
square model with different openings)  32 
2.2 Specimen Information 54 
2.3 Experimental Summary 55 
2.4 Five types of IBS structure (CIDB, 2003) 73 
3.1 Variables relevant for dimensional analysis of this research 81 
3.2 Scaling of components for this research 82 
3.3 Mass and dimensions of   waterborne debris 94 
3.4 The value of materials and admixture in final mixture design 
for one cubic meter of concrete 110 
4.1 Average of E value and Poisson’s ratio of concrete 126 
4.2 Characteristics strength of bars 1.5 mm 127 
4.3 Characteristics strength of bars 3 mm 128 
4.4 Characteristics strength of bars 5 mm 128 
4.5 Summary of experimental program 137 
5.1 Calculated bore-front velocity and non-dimensional time and 
space variables. 148 
5.2 Experimental and estimated bore induced forces  173 
5.3 Dynamic property of IBS model  177 
5.4 Maximum acceleration during different tsunami bore heights 181 
5.5 Estimated water born debris-induced forces 185 
6.1 Natural periods and frequency of IBS model 192 
6.2 Magnitude of tsunami bore component 197 
6.3 Input parameters for calculated tsunami loads 209 
6.4 Correlation Observed between tsunami bore height and Level 
of Damage 226 
xv 
 
LIST OF FIGURES 
FIGURE NO.                                         TITLE                                               PAGE 
1.1 Summary of chapter 8 
2.1 Different terms related to tsunami (Nayak et al., 2013) 10 
2.2 Sketch of a bore and photo of the 1983 Nihonkai-Chubu 
Tsunami showing the formation of a bore offshore (photo from 
Knill, 2004). 11 
2.3 Sketch of a surge and photo of the 1983 Nihonkai-Chubu 
Tsunami showing the formation of a bore offshore (photo from 
Knill, 2004). 11 
2.4 Dam break wave in horizontal channel (Chanson, 2005b). 14 
2.5 The location of wave front for fixed dry bed bottom channel; 
comparison with experimental results sets (symbols) with 
proposed formulae (lines) (Leal et al., 2006) 
17 
2.6 Advancing mud and debris surge in Banda Aceh (26 December 
2004 tsunami) at (a)t=8.48s, (b) t=13.12s,  (c) t=16s,  (d)t=39s. 19 
2.7 (a)Water depth time history of tsunami surge  (b) Comparison 
between analytical result of Equation 2.4 and  obtained data of 
tsunami 20 
2.8 Experimental set-up for bore and dry bed surges in horizontal 
tank (Ramsden, 1993) 22 
2.9 Experimental setup: (a) Elevation (b) Plan view (Gomez-
Gesteira and Dalrymple, 2004). 25 
2.10 Distribution of pressure on upstream face of structure for dry 
bed and wet bed (Gomez-Gesteira and Dalrymple, 2004). 25 
2.11 Elevation view of experimental set-up (Arnason, 2005) 26 
2.12  Time variation of force on a square obstacle owing to different 26 
  
xvi 
bores (Arnason, 2005). 
2.13 Time variation of force on a circular obstacle owing to 
different bores (Arnason, 2005). 
 
27 
2.14 Schematic diagram of test setup (Lukkunaprasit et al., 2009) 27 
2.15 Temporal variation of forces: solid line (measured), dotted line 
(prediction by the drag forces Equation. (2.15)) (Lukkunaprasit 
et al., 2009). 29 
2.16 Comparison of the measured maximum forces with the 
prediction made by Equations (2.15) and (2.16) (Lukkunaprasit 
et al., 2009) 29 
2.17 Experimental setup (Fujima et al., 2009). 31 
2.18 Pressure gauge on the model (Fujima et al, 2009). 31 
2.19 Configurations of the front and back panels of building model 
with sensor locations (Lukkunaprasit et al., 2009). 32 
2.20 Typical normalized pressure at different instants of time at 
different levels (Nominal wave height=80mm) (Lukkunaprasit 
et al., 2009). 32 
2.21 Impact of single debris element with a structure (Haehnel and 
Daly, 2004) 34 
2.22 Impact forces due to wood logs carried by bores and surges 
(Matsutomi, 1999) 37 
2.23 Impact of container on rigid column   
2.24 Impact of container on RC column   
2.25 a)Longitudinal impact of rod   b)Transverse impact of a beam 
(Riggs et al., 2013) 39 
2.26 Wood utility pole in pendulum test setup (Kobayashi et al., 
2012). 40 
2.27 Shipping container in pendulum test setup (Kobayashi et al., 
2012). 41 
2.28 Aluminium specimen for in-water tests showing guide wires. 
View is toward wave maker (Kobayashi et al., 2012). 
 
41 
2.29 Comparison of impact loads for in-air and in-water test at same 
impact speed (Kobayashi et al., 2012) 42 
  
xvii 
2.30 Debris impact force: (a) in the horizontal plane and (b) in the 
vertical direction.  43 
2.31 Degrees of building damage vs. tsunami run-up height. Marks 
filled in black are data for the 1993 Okushiri Tsunami; hollow 
marks are data from earlier tsunami incidents, Shuto (1991) 
and Yeh et al. (2005). 45 
2.32 (a) Typical wood frame residential hose in Banda Ache (b) 
Debris and remains of the wood frame hoses left by water 
Non-engineered concrete construction  47 
2.33 Non-engineered lightly reinforced concrete building  48 
2.34 Well-constructed building that survived the earthquake and 
tsunami in Banda Aceh  49 
2.35 Second-floor concrete column damaged by impact of debris in 
Banda Aceh  49 
2.36 Buildings in Rikuzen-Takada (tsunami height 12 to 16 m): (a) 
Store with minor structural damage and extensive nonstructural 
damage; (b) Factory with extensive structural and nonstructural 
damage; (c) Collapsed and dislocated school gymnasium; (d) 
Twisted beam from a; (e) Distorted panel zone from b; and (f) 
Gymnasium from c with original foundation on close side and 
dislocated structure on far side. (Midorikawa and Okazaki, 
2012).  50 
2.37 Instrumentation for testing at Testing Wave Basin (Wilson et 
al., 2009).  52 
2.38 Orientation and load cell locations with respect to wave 
direction (a) 900; (b) 00 (Wilson et al., 2009) 53 
2.39 The maximum lateral deformations recorded during wave 
impact (Wilson et al., 2009)  53 
2.40 Typical transverse-wall setup with instrumentation  55 
2.41 (a) Photograph of case study building (front view normal to 
flow (b) Setup of reaction frame for field load test.  56 
2.42 Lateral load vs lateral displacement relation at the roof level of 
Frames A, B, and C  57 
  
xviii 
2.43 3-dimensional model of the building  58 
2.44 The force and displacement relationship of building model 58 
2.45 Comparison of the roof displacement of each frame.  59 
2.46 Building model and tsunami force acting on columns.  60 
2.47  Force and maximum roof displacement under tsunami.  60 
2.48 View of case study structure and corresponding 2D model 
(Garcia et al 2014).  61 
2.49 CFRP strengthening cases analysed (Jiffry et al., (2015))  62 
2.50 Comparison of peak displacements of bare frame and 
strengthened frame (Jiffry et al., (2015))  63 
3.1 Tsunami bore characteristics (Robertson et al., 2013) 77 
3.2 Dam break tank facility at faculty of civil engineering, UTM 83 
3.3 Outline of the dam break tank: (a) Side view; (b) Plan view 84 
3.4 Motorize torsional derive to rotate water reservoir. 85 
3.5 Rotational water reservoir and flume (a) Front view (b) Side 
view 85 
3.6 Instrumentation for testing in dam break tank attach to IBS 
block work building model 86 
3.7 Load cells on top of column 87 
3.8 Water proofing pressure cells 88 
3.9 USB Accelerometer X6-1 88 
3.10 Water level logger 89 
3.11 Location of brick structure in experiment 2. (a) 1.5m from 
adjustable gate (b) 2.5m from the gate. 92 
3.12 The 4 kg, 5 kg, 6 kg wooden logs and 12 kg aerated concrete 95 
3.13 One to five scale of IBS double story block house 96 
3.14 IBS column configuration 97 
3.15 Dimension of column foot blocks (a) Short block, (b) Long 
block 98 
3.16 Dimension of column capital blocks (a) Short block, (b) Long 
block 98 
3.17 Dimension of column body blocks (a) Square block, (b) 
Rectangular block 
 
99 
  
xix 
3.18 IBS beam model 99 
3.19 Configuration of IBS slab 100 
3.20 Configuration of IBS infill wall component clamped by beam 
element and column assembly 101 
3.21 Reinforcement details (a) Rectangular (b) T- shape (big block) 
(c) L- shape (big block), (d) Square, (e) T- shape (small block), 
(f) L-shape (small block) 102 
3.22 Configuration of IBS beam reinforcement 103 
3.23 Configuration of IBS slab reinforcement (a) Slabs Type A (b) 
Slab Type B 104 
3.24 Mold assembly for casting (a) Square column block (b) 
Rectangular column block 105 
3.25 Mold assemblies for casting capital block (a) Small capital 
block (b) Big capital block 106 
3.26 Mold assembly for casting foot block (a) Small base block (b) 
Big base block 106 
3.27 Mold assembly for casting beam 107 
3.28 Mold assemblies for casting (a) Slab (b) Wall 107 
3.29 Flow chart of complete ABAQUS analysis 111 
3.30 Modeling of concrete parts in Abaqus/CAE (a) Beam (b) Short 
block for column foot (c) Long block for column foot (d) 
Square block  (e) Rectangular block (f) Short block for column 
capital (g) Long block for column capital (h) Slab part (type B) 
(i) Slab Part (type A) 
 
 
 
 
113 
3.31 Modeling of steel parts in Abaqus/CAE (a) Reinforcement for 
short block of column foot (b) Reinforcement for long block of 
column foot (c) Reinforcement for square block (d) 
Reinforcement for rectangular block (e) Reinforcement for 
short block of column capital (f) Reinforcement for long block 
of column capital (g) Beam reinforcement (h) Column bolt (i) 
Bolt and nut for connection between beam and column block 114 
3.32 Concrete damaged plasticity option 116 
3.33 Concrete compression and tensile nonlinear behavior curves 117 
  
xx 
for ABAQUS FEM input 
3.34 Assembly of 1:5 scale of IBS block work system in 
ABAQUS/CAE 118 
3.35 Embedded reinforcement in Concrete 119 
3.36 Modelling a pre-tensioned bolt 120 
3.37 Mesh configuration of FE model of IBS structural system 122 
4.1 Sieve analysis grading results with ASTM grading 
requirements for fine aggregate 124 
4.2 Interpolation curve of compressive strength and age of 
concrete 125 
4.3 Stress strain curve for different of bars sample 127 
4.4 Mold for IBS block work component (a) Rectangular column 
block (b) Beam component 129 
4.5 Electrically operated concrete mixer 130 
4.6 Operation procedure for casting (a) Weighting of material (b) 
Concrete mixing (c) Pouring in the mold (d) Manual 
compaction 131 
4.7 Wooden molds on casting 132 
4.8 (a) IBS product after concrete casting (b) Concrete cured in the 
curing tank (c) Painting and packing of IBS component 132 
4.9 Assembly operation procedure of IBS block work structure 
(a)Steel foundation with bolts (b) Base column components  
(c) Base of ground floor of IBS system (d)Beam and column of 
ground floor (e) Ground floor of IBS structural system 
assembly (f) Ground floor and first floor columns 134 
4.10 Connection between beam and L shape block component 135 
4.11 Completed IBS structure 136 
4.12 Test series 1 of dam break test without structure (a) Location 
of high speed camera (b) Location of water level logger (c) 
Bore front view corresponding to the 2000 mm impoundment 
depth 139 
4.13 Assembled brick structure in wave tank:  (a) 1.5 m distance 
from rotation reservoir (b) 2.5m distance from rotation 140 
  
xxi 
reservoir 
4.14 Hydraulic bore at brick structure in wave tank at impoundment 
depth of 2 meter (a) Rear view (b) Front view 140 
4.15 IBS block work structure performance test instrumentation 142 
4.16 Debris impact testing: a) Initial setup; and b) Debris impacting 
IBS structural model 143 
5.1 Bore front crossing gridlines on the tank floor for 2 m 
impounding water depth 146 
5.2 Bore front velocities for three impoundment depth 147 
5.3 Bore front location in non-dimensional space 148 
5.4 Bore depth-time histories for three impounding water levels 
recording at location of the structure model  150 
5.5 Bore depth-time histories for three impounding water levels 
recorded at the location of the brick model (2.5m from gate) 151 
5.6 Hydraulic bore for brick model interaction: a) Initial impact; b) 
Run-up c) Quasi-steady flow 
 
152 
5.7 Damaged brick wall due to bore impact (location of structure 
2.25 m from rotational water reservoir) (a) Damage of 1.5 m 
impounding water depth (b) Damage of  2 m impounding water 
depth 153 
5.8 Damaged brick wall due to bore impact (structure located at 
3.25 m from rotational tank and at 2 m impounding water 
depth) 153 
 
5.9 
Bore impact on IBS structure (a) or 1 m impounding water 
depth (b) for 1.5 m impounding water depth (c) for 2 m 
impounding water depth 
 
154 
5.10 Pressure gauge time histories a) for 1meter impounding water 
depth b) for 1.5 meter impounding water depth; and c) for 2 
meter impounding water depth 156 
5.11 Pressure gauge time histories of PC1 for three impounding 
water depths 
 
157 
5.12 Simplified time history functions of the tsunami load 
components 158 
  
xxii 
5.13 Vertical distribution of pressure at the front face of IBS 
structural system (bore generated with impoundment depth of 
h=2 m) 160 
5.14  Vertical distribution of Pressure at the front face of IBS 
structure  161 
5.15 Vertical distribution of pressure at the front face of IBS 
structure (bore generated with impoundment depth of h=1m) 162 
5.16 Dimensionless impulsive pressure distribution in vertical 
direction (a) Impoundment depth of h=2m (b) Impoundment 
depth of h=1.5 m (c) Impoundment depth of h=1m 164 
5.17 Distribution of dimensionless hydrodynamic Pressure for (a) 
2m impoundment water depth (b) 1.5 m impoundment water 
depth (c) 1 m impoundment water depth 
 
 
167 
5.18 Inland-location structure and momentum flux estimation 
parameters (FEMA P646, 2012) 170 
5.19 Triangular pressure distribution on the structure 171 
5.20 Estimated (FEMA P646 and SMBTR) and experimentally 
recorded for Impulsive forces 174 
5.21 Estimated (FEMA P-646 and FEMA P-55) and experimentally 
recorded for hydrodynamic forces 
 
175 
5.22 Free vibration Test 176 
5.23 The FFT diagram of structure 177 
5.24 Lateral displacement of top of first story for (a) 2 m 
impoundment water depth (b) 1.5 m impoundment water depth 
(c) 1 m impoundment water depth 179 
5.25 Time history acceleration of IBS structure for (a) 2 m 
impoundment water depth (b) 1.5 m impoundment water depth 
(c) 1 m impoundment water depth 181 
5.26 Snapshot from of 4 kg wooden bore debris impact on structure 183 
5.27 Snapshot of 6 kg Wooden bore debris impact on structure 184 
5.28 Movement of wall due to debris and bore impact (a) Initial 
state (b) After two times 5kg debris impact (c) After 6kg debris 
impact 186 
  
xxiii 
5.29 Thin cracks in surface of wall with 12 kg debris impact 187 
5.30 Separation between wall blocks due to 12 kg debris impact 187 
6.1 Modes of shapes  194 
6.2 Tsunami pressure on frontal face of IBS structure 198 
6.3 Modeling of hydrodynamic pressure in Abaqus software 199 
6.4 Comparison of time history and lateral displacement at top of 
structure for (a) 0.6 m bore height (b) 0.5 m bore height (c) 0.3 
m bore height 201 
6.5 Deformation of IBS model (a) 0.6 m bore height (b) 0.5 m bore 
height (c) 0.3 m bore height 203 
6.6 Time history at center point of ground floor wall at different 
bore height 
 
204 
6.7 Maximum principal stress contour of IBS structure during 
impulsive pressure at 0.6m tsunami bore height 205 
6.8 Minimum principle stress contour of IBS structure in (a) front 
view (b) side view 206 
6.9 (a) Compressive damage plot   (b) Tensile damaged plot at 
0.6m bore height  207 
6.10 Time history of  top first floor and  top ground floor 
displacement during different tsunami bore (a)0.7 m, (b) 0.8 m, 
(c) 0.9m, (d) 1m, (e) 1.2 m. 
 
 
212 
6.11 Time history of bottom ground floor wall in direction water 
flow displacement during different tsunami bore height in 
NLFEM. 213 
6.12 Displacement of ground floor wall in direction of water flow 213 
6.13 Tensile damage of IBS structure due to 0.7m bore height 
during impulsive   pressure (step 1) 
 
214 
6.14 Tensile damage pattern of IBS structure due to 0.7m bore 
height at final step 215 
6.15 Tensile damage pattern of IBS structure due to 0.8 m bore 
height at t=0.4 s  216 
6.16 Tensile damage pattern of IBS structure due to 0.8 m bore 
height at final step 216 
  
xxiv 
6.17 Tensile damage of IBS structure due to 0.9 m bore height at 
t=0.3 s of impulsive force 217 
6.18 Tensile damage of IBS structure due to 0.9m bore height at 
final step (a) Left side (b) Right side 218 
6.19 Compressive damage of IBS structure due to 0.9 m bore height 
at final step 219 
6.20 Tensile damage of IBS structure due to 1m bore height during 
impulsive force 220 
6.21 Tensile damage pattern of IBS structure due to 1m bore height 
at final step 221 
6.22 Tensile damage pattern of IBS structure due to impulsive 
forces of 1.2 m bore height 222 
6.23 Compressive damage pattern of IBS structure due to 1m bore 
height during impulsive forces 222 
6.24 Tensile damage pattern of IBS structure due to impulsive 
forces of 1.2m bore height 223 
6.25 Simulated stress of column bolts  224 
6.26 Stress distribution of U-shaped steel plate of beam 225 
6.27 Amplitude of debris loading exploited for FE model 227 
6.28 Possibility of different locations of debris impact on column 228 
6.29 Deformation of IBS column due to debris impact at (a) Top of 
column (b) Middle of column (c) Bottom of column 
 
229 
6.30 Horizontal displacement at impacted section of IBS column 
due to debris impact 230 
6.31 Reaction forces in columns for different location of impact 230 
6.32 Principle Stress of concrete for debris impact at middle 
location (point 1) of column (1) minimum (b) maximum 231 
6.33 Principle stress of concrete for debris impact at middle location 
(point 2) of column (a) minimum (b) maximum 232 
6.34 Principle stress of concrete for debris impact at top location 
(point 3) of column (a) minimum (b) maximum 232 
6.35 Displacement of IBS wall due to debris impact at bottom of 
wall and 0.6 m bore height 233 
 xxv 
LIST OF ABBREVIATIONS 
AC - Accelerometer 
ACI - American Concrete Institute 
ASCE - American Society Civil Engineers 
ASTM - American Society for Testing and Materials 
LC - Load Cell 
LVDT - Linear variable Displacement Transducer 
CCH             -  City County of Honolulu Building Code 
CP                - Collapse  Prevent   
FEA            - Finite Element Analysis 
FEMA - Federal Emergency Management Agency 
FFT               - Fast Fourier Transform 
IBS                - Industrial Building System 
IO                 - Immediate Occupancy 
LS                - Life Safety  
NLFEA         - Nonlinear Finite Element Analysis 
 PC                - Pressure Cell 
RF                 - Reaction Force 
SMBRT - Structural Design of Building for Tsunami  Resistance 
 
 xxvi 
 LIST OF SYMBOLS 
𝑑𝑠            - initial standing water level 
ℎ𝑗            - jump height 
ℎ𝑏           - bore depth 
𝜌            - density of water 
𝜇          - dynamic viscosity of water 
𝜎        - surface tension of water 
𝐸𝑏   - bulk modulus of elasticity of water 
𝑔    - acceleration of gravity 
𝐹𝑟      - Froude number 
𝐸𝑢   - Euler number 
𝑅𝑒     - Reynolds number 
𝑊𝑒  - Weber number 
𝑀𝑎      - Sarrau- Mach number 
𝐸𝑠   - Young’s modulus of elasticity 
𝜗  - Poisso’s ratio 
𝑓𝑐
′   - compressive strength of concrete 
𝑓𝑦  - steel yield strength  
𝜎𝑦   - Yield strength 
𝜀𝑦  - Yield strain 
𝜎𝑢  - Ultimate strength 
𝜀𝑢  - Ultimate strain 
𝑃     - Impulsive pressure 
𝑃′   - Hydrodynamic pressure 
𝐹𝑖   - Impulsive force 
𝐹𝑑   - Hydrodynamic force 
𝜌𝑠  - fluid density 
 xxvii 
𝐶𝐷  - drag coefficient 
𝑄𝑥  - tsunami horizontal force 
𝑧   - height of pressure action 
𝐴𝑠   - cross section area of bar 
 xxviii 
LIST OF APPENDICES 
APPENDIX.                                         TITLE                                               PAGE 
A Scaling for Concrete Structure and Tsunami Bore 254 
B Material Tests and Results 262 
C Calibration for Load Cells and Pressure Cells 279 
D Background  Information on Impact  Load Calculation 281 
E Fast Fourier Transform Algorithm For IBS Structure 287 
F Damage Control and Building Performance Level 290 
J List of Publications 292 
 
 
 
1 
 
CHAPTER 1  
INTRODUCTION 
1.1 Introduction 
A tsunami is defined as an ocean wave generated when a disturbance occurs 
that vertically displaces a column of seawater (Kramer, 1996). There are various 
kinds of disturbances that can trigger a tsunami. These include eruption on a 
volcanic island, earthquakes, and submarine landslides. However, prior experiences 
are evident of the fact that the majority of the tsunamis are caused by earthquakes. 
These include the Chile earthquake (1960), Alaska earthquake (1964), Indonesia 
earthquake (2004), and Tohoku earthquake (2011). Therefore, it is essential to 
design coastal structures against earthquakes as well as tsunami loads. The extensive 
destruction caused in the last ten years owing to the Indian Ocean Tsunami of 2004 
and the Japan Tsunami of 2011 has compelled policy makers, political leaders, 
engineers, and economists to give a serious thought to tsunami-resistant designs. 
On 26 December 2004, an earthquake measured at 9.3 on the Richter scale 
occurred near the northwest coast of Indonesia’s Aceh region. The earthquake then 
triggered several huge tsunamis, killing nearly 250,000 people, including 68 in 
Malaysia. Since this disaster, Malaysia has keenly taken up research on certain 
elements of tsunamis, such as numerical simulations of tsunamis and improving the 
condition of structures so as to ensure minimal damage from such hazards. As far as 
structural damages are concerned, the Kuala Muda district in Kedah suffered the 
highest losses, primarily because the area which was impacted is basically a 
settlement area and the majority of the damaged dwellings were non-engineered 
structures. The height of the tsunami waves in Kuala Muda reached up to 3.8 meters 
and the inundation distance from the coast was said to be 100.524 meters (Koh et 
  
2 
al., 2009). Considering the abovementioned problem, the need for shelters within the 
flat coastland, which are able to resist and stay stable in front of tsunami loads is 
inevitable. 
“Safe house” is a garrisoned room set up in public or private structures in 
order to safeguard occupants from natural disasters and other such hazards. The 
basic idea behind the safe house is derived from the safe room or hurricane shelter 
built by Federal Emergency Management Agency (FEMA) in United States. Such 
safe house has adequate space to stockpile enough human supplies. It is equipped 
with telecommunication equipment, kept ready well before the rescue team arrives 
at the site of disaster. 
Researchers from Universiti Teknologi Malaysia have developed a new IBS 
structural system tested for seismic performance. The structure has been built using 
reinforced concrete block work system. It can be expanded vertically up to double 
story. The structural system can be assembled as well as disbanded quickly prior to 
and after a natural disaster occurs. Its structural components can be instantaneously 
replaced following the disaster. This dwelling acts as an interim shelter for people 
while they are rebuilding their houses. The structure can be constructed internally 
for new buildings or set up externally for existing buildings. Given the hostile social 
needs, this structure can be designed to match the engineering requirements for 
different kinds of loads, including projectile, torsion, as well as extended flood 
levels which can be triggered due to certain natural disasters. 
Current research investigated the utility of IBS structural system in tsunami 
prone area. The force exerted of tsunami bore impact and waterborne debris impact 
on structure were considered in this study  because according to filed survey of 
previous tsunami, this loads caused mostly damage on structures specially 
reinforced concrete structure (Suppasri et al., 2013). 
This research has made a significant contribution with regard to following 
aspects: 
1) This research develop the understanding of tsunami induced force on 
structure using large scale of dam break flow in laboratory. 
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2) This research thoroughly analysed the behaviour of IBS structural system 
owing to tsunami loads. 
1.2 Importance of Study 
The infrastructure of hundreds of cities and villages in countries may 
severely affected by impact of tsunami waves. The devastating effects raised public 
concern and revealed deficiencies that exist with the current design, implementation 
and warning systems against tsunamis, and highlighted the need for constructing 
tsunami shelters.  
One important element that needs significant improvement is the estimation 
of lateral resistance of onshore structures against tsunami-induced forces and also 
the quantification of impact forces generated by water borne debris. Proper attention 
must be paid to the detailed design of structural members exposed to the above 
mentioned forces.  
The design of coastal structures such as breakwaters, jetties, groins, and quay 
walls, against waves, is typically governed by the effect of breaking waves and their 
associated forces, and is well established in the literature (Nouri et al., 2007). 
However, unlike coastal structures, the evaluation and impact of tsunami-induced 
hydrodynamic forces on structure, which used for habitation and/or economic 
activity, has received little attention by researchers and designers.  
The poor performance of structures during the tsunami and shortcomings of 
structural design codes may indicate that designers had assumed that there was no 
need to design structures against tsunami-induced forces due to economy reason. 
Lessons learned from the previous tsunami revealed that tsunami-induced forces 
should be accounted in the design of structures built within a certain distance from 
the shoreline in tsunami prone areas. 
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1.3 Problem Statements 
Until very recently, reinforced-concrete structure engineered to withstand 
seismic loads were assumed to withstand tsunamis. This assumption did not hold for 
the Japan. During Tohoku, 2011 event, many engineered reinforced concrete 
buildings failed due to the unexpected magnitude of tsunami forces (Yeh et al., 
2013). 
Currently, there are no clearly established procedures that address tsunami-
induced forces for the design of buildings located in the vicinity of the shoreline in 
tsunami prone areas. Moreover, significant disagreement on the existing empirical 
formulae for the calculation of tsunami-induced force components has fostered new 
research interest in an effort to properly address both tsunami-induced forces and the 
impact of floating debris within design code. 
1.4 Aim and Objectives of Study 
The aim of this research is to investigate the utility of IBS structural system 
due to tsunami forces.  In this study a three-dimensional dam-breaking wave 
interacting with one to five scale of two story three-dimensional IBS structural 
system are simulated. The objectives of this research are: 
1. To develop the experimental modelling of tsunami bore characteristics. 
2. To determine the exert pressure generated by tsunami bore on structure.  
3. To estimate the lateral resistance of IBS structure against tsunami by 
quantification of displacement of structure component, and estimate the 
structural failure due to bore impact. 
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4. To measure exerted force generated by debris on structure, and investigate 
the behaviour of IBS concrete building and estimate the structural failure due 
to debris impact. 
1.5 Scope and Limitation of Study 
The scope and limitation of this research consider as following: 
1) This study was performed to investigate  the tsunami-induced force in two 
parts: 
a) Hydrodynamic force on the structure due to tsunami bore. 
b) Impact load on the structure consist of waterborne debris. 
2) The effect of two aforementioned loads measured on displacement and  
acceleration of IBS structure.  
3) The assessment of IBS structure conducted to determine the building 
performance based on horizontal story drift and damage of 1 to 5 scale of two 
story block work system. 
1.6 Significant of Research 
The research significance towards the following issues: 
1. This research investigates novel system to create dam break flow for 
simulating tsunami bore. 
2. It improves estimation of tsunami forces on structure. 
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3. This study enhances the estimation of vertical distribution of tsunami force 
on structure. 
4. This study is completely aligned with IBS system. 
5. This research investigates the performance of IBS structural system during 
tsunami event across the world. 
6. It can reduce catastrophic structural vulnerability due to tsunami event. 
1.7 Thesis Organization 
The components of the research contribute to the study on the behaviour of 
the IBS structural system due to tsunami loads. This contribution are presented in 
seven chapters and are briefly illustrated in Figure 1.1 and described as follows: 
Chapter 1 describes the back ground of the research, problem statements and 
its aim and objectives. It also discussed the significance of the research, the scope of 
research, and ended with brief summary of the structure of the thesis. 
Chapter 2 presents the findings of the literature review. It focuses on the dam 
break flow and analogy between dam break flow and tsunami bore. This chapter 
reviewed the analytical, experimental and numerical studies of dam break flow and 
exerted forces of tsunami bore and water born debris on structures.  The behaviour 
of structures based on damage data from previous tsunami cases, and the 
experimental studies are summarized in this chapter. This chapter followed by 
introducing the available codes for tsunami and flooding loads on structure. Finally 
the summary of IBS structural systems and major differences between conventional 
structure and IBS structural system are presented.  
Chapter 3 introduces the operational framework of research. In this chapter 
the characteristic of tsunami and analogy between tsunami and dam break flow are 
discussed. The physical modelling, laboratory facilities, the measurement devices 
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and the experimental programs are describe in this chapter. At the end, the 
numerical modelling of IBS model are described. 
Chapter 4 describes the construction and assembly process of three 
dimensional scale model according to IBS block work system and the empirical 
program for finding the characteristics of material. Furthermore, the experimental 
tests performed in a dam break tank at hydraulic laboratory are described in this 
chapter. 
Chapter 5 presents and discusses the data obtained for four test models with 
varying inundation water depths. The competition between existing structural cods 
that address tsunami-induced forces and the experimental result of this study are 
presented in this chapter. 
Chapter 6 presents the results of numerical IBS model analysis. In this 
chapter, the numerical result of modal analysis of IBS model are presented. 
Experimental results and modal analysis results were compared in natural 
frequencies. After that, the series of models with different loads of different tsunami 
bore height and debris impact are simulated and utilized for finding the dynamic 
behaviour of IBS model due to tsunami. 
Chapter 7 concludes the results of the research. The recommendation for 
future study are presented in this chapter.  
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